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PRELIMINARY REPORT ON.LAMINAR-FLOW AIRFOILS AND
NYEW METEODS ADOPTED FOR AIRFOIL AXD
BOUNDARY~-LAYER INVESTIGATIONS

By BEastman N. Jacobs
SUMMARY

Recent developments in airfoil-testing methods and
fundamental air-flow investigations, as applied to air-
foils at the W.A.C.A., laboratory., are discussed. Prelim-
inary test results, obtained under corditions relatively
free from stream turbulence and other disturbances, are
presented. Suitable airfoils and airfoil-design princi-
ples were developed to take advantage of the unusually
extensive laminar-boundary layers that may be maintained
under the improved testing conditions.

For practical consideration, these preliminary re-
sults presented are of interest mainly in the lower Reynolds
Number range below 6,000,000. Within this Reynolds Number
rahge the new lawinar-flow airfoils and the new airfoil-
design principles may be expected to yield drag coefficients
on actual wings of a markedly smaller order than those here-
tofore obtained. For example, drag coefficients as low as
0.0022 and profile L/D values as high as 290 were meas-
ured.

INTRODUCTION

During the past several years there has been a grow-
ing conviction that large drag reductions should be pos-
sible through the use on actual airfoils of the low-drag
properties of laminar boundary layers. 1In the past, how-
ever, the turbulence present in most wind tunnels tended
to so hasten transition, in the usual full-scale range of
the Reynolds Number, that the extent of the laminar layer
appeared so small that only slight drag reductions could
be expected from the low-drag properties of the laminar
layers.



More recently, however, tests such .as those made in
flight to study the occurrence of transition under condi-
t ions of small air-stream turbulence (references 1 and 2)
suggested that transition might occur much later. Further-
more, tests made in tunnels having moderately low turdu-
lence tended to show some drag rediuction owing to the
presence of. laminar layers of appreciable extent on propel-
ler sections in the lower Reynolds Number range (reference
3) and in the lower full-scale range for airfoils (refer-
ence 4). The results of tests (reference 5) in the air
stream of the N.A.C.A. smoxXe tunnel, which is known to
have vanishingly small turbulence, as well as some of G. I.
Taylor's theoretical consideratiorns, led the author to the
conclusion (reference ) that more extensive laminar
boundary layers and consequently larger drag reductions
even at much larger Reynolds Numbers might be possibdble
with suitable turbulence-~-free conditions simulating close-
ly the turbulence-free atmosphere frequently encountered
in flight.

During this period, plans wers started for suitable
low-~turbulence large P3:ynolds Number airfoil testing equip-
ment. The first step was to eliminate the complications
of three-dimensional flows, thus reducing the problem to
the two—~dimensional flow gbout an airfoil section. The new
type of airfoil testing equirment was therefore referred
to as a "two-dimensional flow tunnel.® The proposed meth-
ods of investigating airfoils extending across a compara-
tively narrow test sectior were thus trTuly tests of the
airfoil section. In order to réduce the turbulence to such
a level that its effect on transition should tend to van-
ish, variations of the methods employed in the N.A.C.A.
smoke tunnel were contemplated.

The next step was to verify the prorosed methods of
airfoil testing. 4 small model of the new eguipment was
considered, but in order to obtain conclusive results a
tunnel sufficiently large to reach the lower range of
filight Reynolds Numbers was agreed upon.

The first and most difficult problem with the new
equipment was to reduce the turbulence to the desired level.
The usual methods of measurement were not sufficiently sen-
sitive. Recourse was therefore had to the direct compari-
son of actual transition effects on airfoils as observed
in flight, in the new tunnel, and in other tunnels, Such
comparisons indicated that the turbulence as affecting
transition could be reduced below the level of other tun-



nels and, in most cases, below the level inferred from
many of the flight tests. (Compare, for example, fig, 13
of reference 2. Values of Jonest! N exceeding 6,500,000
have been obtained from some of the recent tests of air-
foils in the new tunnel,) Such comparisons suggest that
transition was hastened in flight by other disturbing ef~
fects. In the tunnel, distunrbances such as those due to
surface roughness were carefully avoided and vibration ef-
fects were probadly unimportant, at least at the lower air
speeds. It remains improbabvle, nevertheless, that the de-
sired effective zero turbulence (vanishing effect on tran-
sition) has yet been attained. The turbulence level was
considered sufficiently low, however, pending more relia-
ble comparisons with flight, to justify the airfoil devel-
opment and the transition work herein reported in prelimi-
nary form.

In many ways, the preliminary results of these inves-
tigations have proved illuminating. It apprears that, un-
der these conditions of vanishing turbulence, transition
may be of a different character than in the usual tunnel.
The laminar—-boundary layers ahead of transition often ac-
curately follow the laminar~boundary layer theory and ap*-
pear to be free or nearly free from unsteadiness or fluc-
tuations of the Dryden types Thus the skin-friction drags
preduced by these laminar lawvers at the comparatively
large Reynolds Numbers attainable with the new equipment
are no greater than the values predicted by the laminar-
boundary layer theory.

The experimental airfoil investigations covered in a
preliminary form in this report, moreover, are believed
to be the first showing large drag reductions practically
realizable through the design of airfoil sections to ben-
efit from very extensive laminar-boundary layers. When
airfoils are so designed that laminar separation is avoided,
and particularly when falling pressures in the downstream
direction are provided over a considerable portion of both
upper and lower surfaces; laminar—~boundary layers may be
maintained up to Reynolds Kurbers of 6,000,000 or more if
sufficient care is exXercised to eliminate disturbances
from air-stream turbulence, surface roughness, and vibra-
tion. Such methods are shown to yield, within thie rela-
tively low Reynolds Number range, unusual drag reductions.




DERIVATION OF AIRFOILS

The part of the investigation that resulted in the
development of the new sections is best described by giv-
ing a brief chronological account of the worx. Many asso-—
ciates contributed to the project, in particular, Pinker-
ton, von Doenhoff, Abbott, Stack, Robinson, Allen, Bicknell,
and Miss Alice Rudeen, who made many of the pressure-dis-
tribution calculations. Their genersl assistance and con-
tributions are acknowledged here for brevity in lieu of
definite references to the detailed parts contributed by
each.

The project was firdt undertaken as the result of
reasoning like that presented in reference 6, which sug-
gested possible late transitions in the presence of favor-
able pressure variations. Airfoil shapes were therefore
sought having the minimum pressure on both surfaces well
back. Trial shapes were used and results were checked by
means of calculations according to Theodorsen's method of
reference 7. Pinkerton, in particular, was successful in
finding a shape (fig. 2) that was considered reasonably
satfsfactory for preliminary tests, although not as the
basis of a family. Models having this section were con-
structed for tests in the variable-density tunnel and in
the new tunnel.

Some doubt was expressed as to possible drag reduc-
tions, owing to the severity of the trailing-edge shape.
The development of a suitable family was therefore not
stressed, pending the completion of the new tunnel and the
tests of this first section. In connection with Stackts
project on propeller sections for high speeds, however, a
special mean-line shape was derived by von Doenhoff and the
author from thin airfoil theory to give a uniform chord-
load distridbution. When pressure-distribution calculations
became available for some proveller sections having this
mean line, it was apparent that its use, through adding a
small constant velocity increment to the upper surface and
deducting an equal increment from the lower surface, tended
to leave both surface pressure distributions subdbstantially
unaltered., Hence it became necessary only to develop suita-
ble thickness distributions for symmetrical airfoils giving
the desired surface pressure variations.

In the meantime, the new airfoil testing equipment had
been completed, and the first new airfoil (fig. 2) was test-



ed in June 1938. 1In comparison with an N.A.C.A. 0012 air-
foil, tested under the same conditions, the new airfoil
showed very extensive laminar-boundary layers, as expected,
and the unusually low minimum drag coefficient of 0.0030.
Comparative tests of the same airfoil in the variabdle-
density tunnel, however, failed to show unusually low drag
coefficients. Two very important conclusions therefore
resulted from these preliminary tests. 7First, it is feasi-
ble to realize large drag reductions by designing airfoils
to promote extensive laminar-boundary layers, even if such
designs lead to an abnormally abrupt fairing in the trail-
ing—~edge region of the airfoil. Second, such airfoils

must be investigated under conditions approcaching freedom
from turbulence.

A development program for this new airfoil type was
therefore begun at once. The outstanding objectives of
the investigation were to determine a limiting extent of
the backward movement of the minimum pressure point on the
airfoil surface and to investigate, in particular, various
degrees of favorable pressure gradient in the forward or
laminar region. Suitadble thickness distridbutions (symmet-
rical airfoils) were therefore sought; ard, to save time,
these shapes were to be combined with only one mean camber
selected to give the desired pressure distribution at
cy = 0.2, a reasonable high-speed or cruising 1ift coeffi-

cient..

The desired symmetrical airfoils were based on ones‘
for which calculations had been made in connection with
the high-speed airfoil investigatjions, One worked ount by
Robinson, through. the process of pressure calculations
following small empirical changes made to produce a nearly
uniform pressure along the surface from a point near the
leading edge to the 0.7c station was considered satisfac—
tory as a member of the family havihg zero pressure gradi-
ent and was therefore designated N.A.C.A. 0O7.

Another airfoil, herein designated ¥.A.C.A. 16, was
taken as a base for the next family, having favorabdble pres-—
sure gradients over the forward part of the profile. This
base section may be considered the extension of the family
of reference 3 that would therein have been given the num—
ber N.A.C.A. Q0009-45, and may be accordingly derived.

Other airfoils of the same series were then derived to
investigate the effects of a progressive backward movement



of the minimum pressure point. A compressing function was
applied to the tail portion of the airfeil the function
being so chosen as to leave the airfoil unaltered at maxi-
mum thickness where the two parts Join. The function is
given by i

1

- _+ - >
x' - 0.5 = 5% ln {1 + k (2x 1)} (x Z 0.5)

where =x represents the original station for the airfoil
of unit chord, and x' represents the new station. The
resulting airfoil was subsequently stretched uniformly

back to its normal chord length, the final result being a
backward movement of the maximum thickness station. Pres-
sure calculations for this group of airfoils having vari-
ous positions of the maximum thickness indicated that such
a serieés should be satisfactory. The members of this fami-
1y of airfoils therefore received designation numbers as
follows:

N.A.C.A.
designation 16 18 19

Position of
maximum thickness 0.5¢c 0. 6¢c 0.7c

Approximate position
' of minimum pressure 0.6¢c 0.8¢c 0.9

Leading~edge radius
index (reference 3) 4 3 3

Thus the number 16 suggests the form of the thickness
distribution and the complete designation number N.A.C.A,.
16-209 for example, is formed by adding three more digits
after the dash. The first digit increases with camber and
refers to the 1ift coefficient, 0.2 in this case, for which
the airfoil is designed. The last two digits refer to the
thickness, 0.0%c, in this e¢xample.

Finally, the test results for these airfoils and par-
ticularly for the modifications investigated with cusp-
type extensions at the trailing edge to relieve the sever-
ity of the flow conditions in this vicinity, led to the
development of a second series designated 27, This modi-
fied series, designated by the first digit 2, is much like
the first, but the thickness distribution is modified to




produce a tendency toward a cusp-type tail. The mean line
is also modified sligatly near the trailing edge so that
the lift-load distribution instead of being constant along
the entire chord is constant only over the forward 80 per-
cent and then tapers off progressively toward zero at the
tail. This mean-line modification was considered desira-
ble further to relieve the severity of the adverse pres-
sure gradients in the turbulent-boundary-layer region near
the trailing edge. This modified mean line was also used
with some of the airfoils of the first series. The air-
foil profiles included in this' investigation are shown in
figure 3.

AIRFOIL ORDINATES

The airfoil ordinates may be derived by combining the
camber and the thickness forms in the usual way, as ex-
plained in reference 8. The mean~line form may be found
from the following general expression, worked out by Finker-
ton and Allen:

!

c oy = o I
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+ 7 (1-D2) 4(1-&)}+g

where the chord is unity and the load is uniform from the
leading edge (x = Q) to the chordwise position x = a,
then tapers off uniformly to zero at =x = b, and remains
zero from this point to the trailing edge at =x = 1. For
the N.A.C.A. 27-215 airfcil with O0.5c trailing-edge exten-
sion, a = l%Q and b = %. For the usual 27 group of

airfoils, a = 0.8, b =1, and two other airfoils desig-




nated N.A.C.A. 07, 8-209 and 16, 8-~215 have this same mean
line. For the rest of the airfoils having the uniform-
load mean line, a=bd=1, and the expression for the

mean line reduces to the simple form originally derived by
von Doenhoff and the author:

Ve = - %% [(1~x) In (1-x) + x In xJ

dyc _ ¢ ,
e yo [Ln (1-x) - ln.x]

The value indicated by ¢y 1is the "jdeal” 1ift coefficient

for which the airfoil is designed, 0.2 for most of the pres-
ent sections. All the mean-line ordinates and slcpes at
standard stations are given in table I.

Ordinates for the thickness forms (symmetrical airfoils
of the one maximum thickness 0.12c¢c) are given in table II.
Various airfoils of the present families may thus be de-
rived by combinations of suitable camber and thickness
forms. The method, now employed by some manufacturers, of
laying out full scale the thickness ordinates perpendicu-
lar to the mean line at the standard stations, is definitely
recommended for practical users of airfoils of these new
families.

TEST METHODS

The airfoil models tested were of 3-foot span and usu-
ally of 5-foot chord. (see fig. 1.) They were of wood
carefully machined to accurately laid-out and faired tem—
plets. During the investigation the matter of surface fin-
ish received much attention, Slight waviness or roughness
was found to hasten transition so that during the earlier
tests, the lacquer surface finish was progressively im-
proved by sanding and filling to reduce any unfairness and
small~scale roughness.

The first model was bdbuilt by attaching a cover to a
woodern” frame but the slight tendency toward dimpling at the
points of attachment gave marked adverse effects on tran-
sition. In fact, it appears that no perceptible three-
dimensional dimples of tanis type can be tolerated. Such
composite methods of construction were therefore abandoned.
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No additional gain in surface smoothness on transition was
realized, however, beyond that obtained by the use of 400
water cloth, working in the direction of the air flow to
remove ‘all appearances of slight depressions or elevations,
although some slight gain may appear from polishing the
extreme nose portion of the airfoil where the boundary
layer is very thin. A surface R.M.S. roughness reading of
10 millionths of an inch was obtained from a "profilometer"
measurement on a typical medel. A better qualitative im~
pression of the surface condition may perhaps be had from
the estimate that the finish 8314 not need to be as smooth
as a high-grade automobile finish.

No attempt will be made to descride the tunnel and
the detailed testing methods inm this preliminary report.
The air-flow uniformity in respect to both turbulence and
distribution throughout the test section is such that de-
partures from the desired conditions are extremely diffi-
cult to determine.

The investigations were -generally of an exploratory
nature and followed no routine procedure. It was at first
planned to use a balance to obtain some force measurements,
but it later appeared that air-flow and wake-survey meth-
ods were giving all the information regquired for the pre-
liminary tests. Consequently, a tunnel balance has not
been installed.

The usual testing procedure was first to estimate the
drag from the integral of total-pressure-defect measure-
ments in the wake for several angles of attack near that
of minimum drag to find the angle corresponding to the most
favorable flow conditions on the airfoil. Later an "inte-
grating" manometer connected with a survey "rake" was em-
ployed. This arrangement gave a direct indication of the
drag by the depression in the general liquid level in the
uwnaffected tubes, which are associated with the rake tubes
that lie outside the wake. The method should be apparent
from figure 4, which shows the waké from O.l-inch-diameter
tubes spaced on O.2-inch centers and lécated in the wake
0.4c behind the trailing edge of the 5~foot-chord models.
The wake in figure 4(a) is from anm N.A.C.A. 0012 airfoil at
zero 1lift and the wake in figure 4(Db) is from one of the
low-drag airfoils at approximately its design 1lift. The
separate tubes at the left indicate the tunnel dynamic
Pressure and the wake static pressure.

The airfoil drags were thus estimated over a range of
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angles and Reynolds Numbers te define the rezgion to be
covered by boundary-layer surveys and pressure-distridbution
determinations. These determinations by means of a "mouse"
somewhat likxe those described in reference 2 (see also fig.
1) were usually restricted to the angle of most favorabdle
flow conditions The principal objectives were to study
the boundary layers and the transition points as a func-
tion of the Heynolds Number, to compare the experimental
and theoretical pressure distributions, to investigate pos-
sible regions of separation {(both laminar and turbulent)
and their effects, and finally to determine the optimum
1ift coefficient. Some of these determirations are fur-
ther discussed when the results are presented.

Finally, some o1 the airfoils were tested in the vari-
able-density tunnel in order to indicate the usual over-gll
airfoil characteristics and also the drag characteristics
for extremely large Reynolds Numbers or other cases where
transition effects tend to be suppressed. These results
may also be employed to estimate the maximum 1ift to be ex-
pected in flight. The tests therefore include some in
which split flaps are applied to the sections.

RESULTS

No attempt has been made to present these prelimirnary
results in a complete or final form. Only the more signif-
icant results are included and no corrections have been ap-
plied, except to the results from the variable-density tun-
nel. The ¢33 values given are simply the integrals from

the total-pressure—-defect measurements. A small correc—
tion will eventually be applied for the survey-tube size
(effective centers not the geometric centers). Ferhaps an
improved approximation to the true drag results would have
been obtained by the use of the Jones formula, but no cor-
rections of this type are being made pending the comple-
tion of an investigation now in progress to determine the
correct methods of drag measurement by the wake-survey
methed in a closed tunnel. In general, it appears that the
more exact methods will always result in corrections that
will reduce the drag values presented. Thece corrections
may, in some cases, be of the order of 15 percent.

Tunnel-wall corrections should also be applied to the
results of pressure measurements on the airfoil surfaces.
In the future, this difficulty will probabdly be avoided by
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testing an airfoil somewhat thinner than the section it ig
to represent. For example,; ile gurface pressure drop near
the minimum-pressure point on an airfoil of 5-foot chard
with a 1l5-percent-thick section in the tunnel is about 8
percent more than it would be in free air. Such restriec-
tion effects, of course, influence the 1ift results from
the pressure determinations, although this error has been
approximately removed by correction from some of the re-
sults for comparison with thotfe from the variable-density
tunnel and presented in figures 28 to 33. A small velocity-
measurement error; of the type ‘that has sometimes been er-
roneously referred to as "blocking," may also be present
tending further to reduce the coefficient values.

Transition was judged from observations of impact
pressures from the inner mouse tude, which rested with its
flattened lower wall against the wing surface. The effec—
tive height of the tube was usually abdbout 0.008 inch. The
velocity indicated by the difference between this impact
pressure and the static pressure from the mouse static tube
thus indicated the surface velocity gradient and conse-
quently the local skin friction. Transition was Jjudged as
the beginning of a sudden and marked increase in this veloc-
ity as the tunnel speed was gradually increased to move the
transition point across the wing-surface station under ob-
servation.

Later, an improved method that gave more precise re-
1/3

(C_{s)
sults was adopted. The function —————7— ' where qq is

the dynamic pressure indicated by the surface tube and q
is the stream dynamic pressure, was plotted against v q .
This procedure is substantially the equivalent of plotting
against the Reynolds Rumber R a function of the surface
velocity gradient:

¢ Ue/Us

dy /e

VR

which tends to remain independent of the Reynolds Number
as long as the surface tube remains relatively close to
the surface in a truly laminar layer. Figure 5 shows the
method applied to the determination of three transition
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points on the ¥,A.C.A, 27-212. It will be noted that the
function remains constant indicating a truly laminar layer
in the low-speed range and then rises abruptly in the tran-
sition region. The transition points were taken as the
positions indicated by the arrows in f1gure 5 at the knee
of each curve,

The condition of the bounrdary layer Just prior to
transition was investigated by the hot-wire method to
study in greater detail the nature of trarsition, and to
find an explanation fér the tendency of the transition
function to rise slightly before the appearance of markxed
transition effects. A fine hot wire was used with a high-
gain d.c. amplifier and a cathode-ray oscilloscope. The
results obtained, some of whick are indicated in figure 5,
are rather significant. Well ahead of the transition
point the laminar-boundary layer was remarkabdbly steady and
apreared to be free, or nearly free, from unsteadiness or
fluctuations of the Dryden type. Pernaps such steady lam-
inar layers should have been expected under the test con-
ditions of very low turbulence in the new tunnel, particu-
larly after it had been demonstrated that the experimental
and theoretical boundary layers agreed excellently, both
with respect to total layer thiczness and the ve1001ty
profile within the layer, dbut Dryden (reference 9) had
found from experiments that some layers may become markedly
unsteady while, at the same time, retaining laminar prop-
erties, at least much more nearly laminar than turdulent.
The oscilloscope showed, however, a quite different behav-
ior as the Reynolds Number was increased to bring about
transition. Instead of fluctuations in the laminar layer,
the observations indicated momentary transitions to skin-
friction intensities comparable with those of a fully de-
veloped turbulent layer but of extremely short duration,
perhaps less than 0.01 second and at first occurring only
once every several seconds. These very siort dbursts of
turbulence were mugh too fast to appear in the over-damped
mouse measurements, which indicated only a mean result.
The reason for the early gradual rise of the transition
function is thus apparent. The total time duration of the
turbulent type of flow was of the order of 1 percent when
the "transition point" indicated by the arrow at R =
6,000,000 in figure 5 was reached. As ti¢ Reynolds Num-
ber was further incrzased, the freguency, aud also the
duration, of each of the turbulent bursts iacreased so
that the relative total time in this condition increased
as indicated by the percentage values given ovrosite the
proints in figure 5.
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Pressure~distribution results, both theoretical and
experimental, when extensive mouse static-pressure obser-
vations were made, are presented together in figures 6 to
21. 1In some cases, the theoretical pressures were obtaired
directly from calculations b Theodorsen's method (refer-
ence 7) and, in others, by Allen's method (reference 10)
of velocity—increment addition to the velociiies about the
basic symmetrical section to allow for the 1lift-doad dis-
tribntion This methed 1s very simple and may be readily
applied to the prediection of pressure distridbutions and
critical speeds for other derivwed airfoils of the new fam-
ilies. TFor such purposes, the theoretical basic pressure
distributions for the symmetrical sections are given in
figure 22 and in tables III to VII.

Certain additional important data are also included in
figures 6 to 21, in addition to the arrows indicating the
measured transition-point positions, and the corresponding
wing Reynolds Numbers indicated in millions near each ar-
row. Separation of the flow is also indicated as judged
from the mouse measurements. Included also are the angle
of attack, the corresponding measured nminimum drag coeffi-
cignt, and the Reynolds Number at whick it occurred. The
theoretical compressibility-burbdble speeds, expressed as
the ratio M, of the critical speed to the speed of sound
obtained both from the measured and the theoretical peak
negative pressure coefficients by the method of reference
11, are also inciuded in each figure.

Some other experimental data are presented with the
discussion. Data dealing with further details of scale-
effect caleculations, skin-friction distribution, and bound-
ary-layer studies in comparison with tkheory, the analysis
of the transition data, the extension of these airfoil de~
velopments to higher Reynoldg Numbers and speeds, studies
of the relative tunnel turbulence, and check tesis in oth-
er tunnels and in flight will be separately presented and
discussed by various authors in stbsequent papers.

DISCUSSION
Best Airfoil, the Cptimum Reynolds Number Range
This discussion will first consider the experimental

data on the various airfoil forms salmost without regard to
the Reynolds Number, considering mainly the minimum-drag
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results in the range where the gainsg from extensive lami-
nar flows were largest. Applications at highner Reyuolds
Numbers will be considered later. The emphasis on the
minimum~drag results may appear inconsistent with earlier
N.A.C.A., airfoil reports, but several factors have altered
the point of view. A commendable trend has begun, led
particularly by the Army Air Corps, away from an arbitrary
landing~-speed requirement that tends to fix the wing area

in relation to CL Changes in CL therefore no
max max

longer necessarily produce corresponding changes in mini
mum wing drag through the process of forcing a change of
wing area. High maximum l1ift coefficients, moreover, were
often associated with large and abrupt 1ift losses beyond
the wmaximum, a combination of perhaps less than no value
except through the possibility of thus circumventing the
arbitrary landing-speed requirements to affect area and
drag reductions Finally, the drag reductions possidle
through the realization of extensive laminar layers are
relatively so large that CL variatioens tend tc become
max
relatively unimportant between airfoils of slightly differ-
ent shape, particularly when used with a high~1ift device,
as in figure 31, for example

The data should thus be considered first in relation
to the more important factors affecting the minimum drag.
As pointed out earlier, one of the objects of the investi-
gation was to determine the limiting extent of the favor-
able pressure, or laminar flow run over the forward part
of the airfoil and also the effects of variations in the
degree of the pressure gradient within this range. As Teo~
gards the limiting extent of the laminar layer, the drag
results (figs. 23 to 27) show that it tends to increase as
the airfoil thickness decreases. The lowest drag coeffi-
cient obtained was 0.0022 with the N,a.C.A. 18-20¢ tion
at a Reynolds Number of approximately -4,000,000. Figure 6
indicates that the extent of the laminar run was then more
than 0.80c. The determinations indicated that this run
could not be greatly increased. If an increase was at-
tempted through a reduction of the Reynolds Number, wake
fluctuations and drag increases were encountered. The ad-
verse effects were evidently associated with transition
occurring momentarily so far behind laminar separation that
an incomplete closing in of the turbulent layer with con-
sequent pressure drag was encountered. (See reference 12.)
On the other hand, adverse effects also apreared when a fur-
ther backward shift of transition was attempted through a
backward movement of the minimum pressure point, as in
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changing to the N.a.C.A. 19-204 section (fig. 7). The min-
imum drag coefficient obtained was 0.0029; this value in-
dicates that such an extreme backward movement of the mini-
mum-pressure point results in too blunt a trailing edge

even for a 4-percent-thick airfoil. The pressure recovery *ﬂu
and adverse gradients are evidently tog severe to be over- \%‘”\
come even by the most favorably situated turbulent layer. fyaﬁw.
. : Rt

Turning now to the 9-percent-thick airfoils (fig. 24), e»“kg\ﬁ

tne 18 series is still found to have the lowest drag coef—;@“‘yéﬂﬁﬁﬁ

ficient (0.0026), but the minimum now occurs at a higher A»QWJV-A ]
Reynolds Number. This change may be attributed partly to X2 e
a2 lower boundary-layer Reynolds Number R associated with~w”;y\
the increasing airfoil thickness because of the resulting X~
increased favorable pressure gradients over tke laminar

vportion of the surface. Thus, if transitiond tends to occur

at a given RS’ the given valde will be reached at a higher

R on the thicker wing. It is noteworthy also that the
drag of the N.A.C.A. 27-209 airfoil reaches nearly as low a
valtue and shows a cgnsideradly less marked rise at the
higher Reynolds Numbers than the 18 airfoil. In fact, the
cusp~type trailing edge was added to the 18 airfoil (fig.
10y in an attempt to rcduce the severity of the trailing-
edge conditions. The wake surveys and the surface-pressure
determinations on this airfoil without the cusp were so er-
ratic that the cusp was considered almost necessary to es-—
tatlish the circulation and 1ift so that accurate measure-
ments could be made,

A consideration of the pressure diagram in figure 10
suggests another reason for the use of the cusp. With
blunt trailing edges like those of the 18 series, a marked
pressure drag may be associatsed with the failure of the
actual surface pressures to rise toward the stagnation
pressure at the trailing edgZe as the theory indicates they
should when the form drag is zero. As showa by figure 10,
the theory does not require for the cusp tail this unattain-—
able tyre of pressure rise.

Associated poor pressure recoveries and marked form
drags for the blunt airfoil are apparent in the results,
particularly at Reynolds Numbers higher than that for min-
imum drag. Here the conditions in the turbulent layer be-
come progressively less favorable for a pressure recovery
as the transition point moves forward on the airfoil. The
increased turbulent skin friction occurring ahead of the
minimum pressire point thickens the turdbulent layer at the
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beginning of the pressure recovery and hence makes the
given adverse gradient relatively more severe. Under ex-
treme conditions, turdbulent separatior may be expected.

Such considerations led to the development of the
N.A.C.A. 27 series (fig. 11) which was designed to relieve
the severity of the flow conditions in the pressure—-recov-
ery region btehind the minimum pressure point. The ex-
rected reduction in drag at Reynolds Numbers above that
for the minimum is shown in figure 25 and more particular-
ly for the 12-percent-thick section in figure 26. The
marked favorabls result is not indicated for the N.A.C.A,
27-215 section (fig. 27), but the ordinates for the 27
series were revised between the time the 15 airfoil and
the other airfoils were constructed. The ordinates of
the airfoil that was tested are not now considered satis-
factory as a member of the 27 family. The test results,
although included, should therefore be discounted.

Another unanticipated result of changing from the 18
to the 27 series was the shift of the mirnimum drag to
lower Reynolds Yumbers. The same result is again indicat-
ed in figure 25 in changing the minimum pressure farther
forward from O.7c to C.6c in going from the 27 to the 16
series. The opposite shift of the minimum drag to higher
Reynolds Numbers was expected owing to the lower local
Reynolds Number at the minimum pressure station at a given
wing Reynolds XNumber. The explanation is that minimum
drag with these airfoils does not occur when transition is
near the minimum pressure point, or even forward of the
laminar-separation point. (See figs. 12 and 18.) These
experimental data do not conflict with the laminar-separa-
tion theory (reference 13), which vlaces the laminar sep~-
aration point very near the minimum pressure point after
the layer has become thickened by its lorng run over the
forward portion of the airfoil. When toe minimum pressure
point is not well back, minimum drag occurs at a Reynold
Number so low that moderately sextensive laminar separevlon
is actually present. The transition occurs soon enough to
close in and permit the pressure recovery but not soon
enough at minimum drag to produce excessive turbulent skin
frictions. In the separated or adverse pressure range,
however, this transition tends to occur at a reduced
Reynolds Number.

Figure 25 also throws some light on the question of
how steep the favorable pressure gradient should be over
the forward part of the airfoil. A comparison of the
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N.A.C.A. 07-209 and the N.A.C.A+ R7~20¢ airfoils shows a
higher minimum drag and an earlier rise with increasing
Reynolds Number for the airfoil with the flat pressure
distribution.

A tentative explanation can be given as the result of
further fundamental boundary layer and transition situndies.
not included in this report. -The.difficulty with the flat
pressure distribution is not primarily that transition nec-
essarily occurs at.a mﬁch smaller value_of,‘ﬁé in the ab-
sence of a favorable pressure  field,. although there may be
some slight tendency in this-direction, but that very small
disturbances such as-sligkt imperfections in the model,
slight departures from the design angle of attack, or
slight flow fluctuations may produce regions of local ad-
verse pressure gradiernt. "This condition tends to produce
Tegions of excessive boundary-layer thickress (or even lo-
cal separation}, which tend to grow three dimensionally in
the absence of a favorable pressure gradient impelling the
low—-energy air . along in the normal flow direction. Hence,
eXxcessive values of R may ‘appear locally leading, in
turn, to & premature transition. The.optimunm ragnitude of
the favorable pressure gradient for these airfoils there~
fore becomes largely a matter of practical compromise.
Small gradients requive.-extrene care:in the elimination of
disturbances, whereas large gradients cause excessive skin
friction, excessive form drag due to thé more severe pres-
sure recoveries, and low critical speeds due to the exces-
sive peak negative préssures.

Applications

It thus ap_ears that, within the Reynolds Number range
considered, the N,A.C.A. 27 series represents a reasonabdle
approximation to the best compromise. The 1ift at which
the minimum drag occurs may be varied .at liberty to meet
rarticular design requirements. The extent to waich the
optimum 1ift may be increased is suggested by the results
for the N.A.C.A. 27-2012 in figure 16. This airfoil was
designed for an optimum 1ift coefficient of 2.C. Such
an extreme procedure probably pushes the present design
principles too far, but high-1ift airfoils of this type
may find some application. The ultimate performance of an
airfoil section for application such as long-range air—
planes, gliders designed for small gliding angles, tlower
and propeller blades, guide vanes, etc., is measured by
the maximum profile L/D for the section. With these new
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airfoil-design principles, low-drag coefficients may be at-
tained at rather high 1ift coefficients. With the older
type of flapped airfoil, for example, tne pressure recov—
ery realizable over the upper surface of the flap was re-
stricted by the excessive thickness of the turbulent layer
in this vicinity. Owing to the possibility of maintaining
laminar flows over the forward portion of the new airfoils,
the turbulent layer at the after part of the airfoil may be
relatively thin with the result that relatively abrupt
pressure recoveries are attainable. Although the boundary-
layer studies on the N.A.C.A. 27-2012 indicated that the
1ift in this case had probably been pushed too high, a
maximum profile L/D of over 290 was attained. TFor air-
foils similarly designed but with slightly lower optimum
1ifts, the turbulent separation that occurs near the trail-
ing edge may be sufficiently reduced to produce even higher
L/D ratios.

By a suitable choice of the camber to give the desired
optimum 1ift, the 1ift range of low drag (figs. 28 to 32)
will be sufficient for many practical applications. Out-
side the low-drag range, the variable-density tunnel re-
sults suggest that the airfoil drag will not be excessive.
The results presented herein are applicable only within
the lower Reynolds Number range and therefore appear most
naturally suited for application to small aircraft and
gliders. It should not be overlooked that they may have
much wider application to special designs in which it 1is
feasible by reduction of wing chord or density at high al-
titudes to achieve the proper Reynolds Number. In applica-
tion to airplane wing design the camdber will probably be
selected so that the optimum 1ift will occur near the cruis-
ing speed. An airfoil somevhere between the N.A.C.A, 27-112
and N.A.C.A, 27-512 will thus probably be employed, The ad-
vantage of the new sections will then appear through in-
creased curising speeds and in more economical operation
within this speed range.

It should be emphasized, however, that the gains will
not be marked unless suitadle applications are selected.
It may be desirable to employ unusually large aspect ratios
in order to reduce the induced drag and to reduce the chord
sufficiently to obtain a suitably low Reynolds Number.
The wing surface must, of course, be fair and smooth over
the forward B0 percent. Vibration should be avoided and,
in all probability, the propeller slipstream on the wing
must be eliminated. ©Pusher propellers are therefore to be
recommended pending an experimental demonstration that the
disturbing effects of the tractor propeller can be toler-
ated. Disturbances arising forward of the wing along the
fuselage will affect only small portions of the wing ad-
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Jacent to the fuselage. Only that part of the wing inside
a line extending from a point at the leading edge just out-

side the fuselabewboundary layer backward toward the trail-
ing edge and outward with the flow direction at an angle
probably less than 8% need necessarily be subjected to the
usual high turbulent skin friction.

Most importart of all in any application, however,
is the reduction of fuselage, tail~surface, and parasite
drags to a reasonable minimun. High parasite drags may
easily mask any morked gain from a large reduction in
wing-section drag. One private-owner tyre of airplane
tested in the N.A.C.A. full-scale tunnel showed for exam—
rle, a drag coefficient of anproximately 0.0600. A reduc-
tion of wing drag from 0.0080 to 0.0030 would consequently
have reduced the over all drag of the zirplane only in the
ratio 55/60 The resulting speed increase wonmld thus rep-
resent an almost inappreciable gain. On the other hand,
if the airplane to which the new wing is applied is so
clean that the wing-profile drag represents a2 large tart
of the entire drag, the performance gairs will be very
large. The higher speeds attainable, in turn, reduce the
induced power, and often improve the propeller efficiency.
Pzrticularly in dbucking a head wind, the time saving and
tahe economy expressed in miles per gallon, a matter of vi-
tal importance to the private flyer, should thus be im-
praved to a very marked extent by the application of the
new wing sections.

Applications at Reynolds Numbers Above the Optimum

Little will be said regarding the application of
these data at the higher Reynolds Numbers becaunse further
investigations outside the scope of this report are now in
progress to develop methods of maintaining these same low-
drag properties at very high Reynolds Numbers, It appears,
however, that comparatively small gains of this same type
may be readily realized at the higher Reynolds Numbers by
wma.intaining the laminar layers over only a comparatively
small portion of the forward part of the airfoil. 1In fact,
full-scale tunnel tests of the N.4.C.A. 23012 airfoil (ref-
erence 4), and of the N.A.C.A. symmetrical airfoils (ref-
erence 14), as well as tests of the N.A.C.A. 223012 airfoil
to study rouvghness effects in the. 8-foot high-speed tunnel,
indicated that some gains of this type would be possible on
eXisting airplanes if sufficient attention were given to
the surface condition on the forward part of the wing.
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Actually the gains might be noticeably larger in flight
owing to tunnel-turbulence effects present in the test re-
sults. On the other hand, these types of airfoil are in-
herently unsuited to the desired flow conditions, except
possibly at extremely large Reynolds Numbers. The "addi-
tional" type of 1ift distribution associated with the sym-
metrical a2irfoil, for example, causes 2 miniuwmm-pressure
peak to occur very near the leading edge on the upper sur-
face. (See references 15 and 10.) This condition always
tends to lead to premature laminar separation or transi-
tion.

An obvious improvement in the medium Reynolds Number
range is possible with an airfoil like the N.A.C.A. 2412-34
from the family of reference 3. This type of airfoil has
a better 1lift—-load distribution and a thickness distridu-
tion that does not produce a minimum-pressure peak exces-
sively far forward. he ¥.4.,C.A. 2412~34 and N.A.C.A.
1412-34 airfoils are therefore to be tested in the new tun-
nel and will be separately reported when the results are
available.

It should be urged, however, that snap judgments based
on boundary-layer calculations along the lines suggested by
reasoning similar to that presented in the preceding para-
graphs be withheld pending further experimental investiga-
tions. Some of the test results (figs. 15 and 28, for ex-
ample) show large drag increases associated with compara-
tively small forward movements of the transition point.

The cause of this rather peculiar behavior of the drag was
found, as the result of a suprlementary investigation to

be separately reported, to be associated with the very high
skin-friction intensities uswally present at the omset of
turbulence in the boundary layer. The adverse effects of
the ‘high friction intensities are moderated, however, vwhen
the transition occurs in a region of pressure recovery as
it does on the best sections in the optimum operating con-
dition. In fact, the type of flow leading to a relatively
high intensity skin friction is then actually desirabdble in
order to avoid separation. It thus appears that it may
always be desirable to effect some pressure recovery in the
neighborhood of the transition point, not only because of
the immediate saving in skin friction and lower losses as-
sociated with recovery but also because the turbulent layer
is left to run over the remainder of the airfoil in a thick-
er, and hence lower, drag condition.

The same conclusion was reached in a different way,
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which actually led to the design of the 0.d5c~chord exten-
sion on the N.A.C.4. 27-215 airfoil. If chords longer
than the optimum, that is higheér Reynolds Numbers must be
employed, the least adverse drag effects should be expect-
ed when the best possible section is chosen for the for-
ward part of the airfoil and the remainder, which must Dbe
exposed to turbulent skin friction anyway, is added as a
relatively thin extension lying in the wake of the forward
part where the velocities and turbulent—-friction intensi~-
ties are a minimum. Although the test results in figure
24 cannct be said to substantiate these views, neither can
they be said to disprove them. Owing to the larger chord
and the resulting different relative position of the sur-
vey rake, the results for this airfoil shouwld not be con-
sidered strictly comparabdble, and conclusions should be
withheld pending further tests. It is apparent, neverthe-
less, that drag gains will be much less marked if any
large forward movement of the transition point is allowed
to result from increasing values of the Reynolds Number.

CONCLUSION

For airplane wing design and for other airfoil and
streamline body applications in the lower Reynolds Number
range the new laminar—flow airfoils and the general de-
sign prirnciples deduced from the present investigations
may be expected to yield actual wing-drag coefficients
markedly smaller than those heretofore possible.

Airfoil and flow investigations of the type consid-
ered must be made under tunnel~-flow conditions approach-
ing freedom from turbulence. Under tiaese suitable condi-
tions, truly laminar-boundary layers may be maintained to
unusually high values of the Reynolds MNumber. Trarcsition
arpears to be sensitive to very small disturbances of var-
ious kinds including surface roughness and air-stream tur-
bulence and, in the absence of such disturbances, appears
to be of a different character from that usually observed
in wind-tunnel testing.

Langiey Memorial Aeromautical Laboratory,
National Advisory Committee for Leronautics,
Langley Field, Va., April 25, 1939,
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TABLE VII

Basic Pressure Distribuntion

. Values of pressuvure coefficient "g"
Station

vercent | N, A.C.A. [N,A.C.A. | N.A.C.A, |{N.A.C.A, |N.A.C.A,[N.A.C.A
19~004 1¢-006 15-00°9 19-012 19-015 13-01¢8

O 0 0 C 0 0 0
1.25 1.009 1.010 1.C00 0.989 0.972 0.955
2.5 1.027 1.03¢ 1.056 1.075 1.C92 1.106
5.0 1.044 1.065 1.097 1.129 1.162 1.197
7.5 1.050 1.075 1.113 1.1581 1.180 1.230
10 1.053 1.080 1.121 1.161 1.202 1.2456
15 1.056 1.085 1.126 1.170 1.214 1.260
20 1.057 1.087 1.13C 1.175 1.222 1.272
30 1.060 1.091 1.138 1.188 1.242 i.30C
40 1.064 1.097 1.146 1.201 1.261 1.328
50 1.070 1.105 1.159% 1.218 1.285 1.350
o0 1.079 1.118 1.177 1.240 1.311 1.295
70 1.095 1.141 1.210 1.285 1.355 1.455
80 1.129 1.195 1.297 1.404 1.518 1.6561
90 1.172 1.259 1.35%2 1.515 1.625 1.709
95 1.C91 1.135 1.195 1.239 1.2€3 1.264

100 O 0 o 0 0 C
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